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Standard Model

Standard Model extremely successful
very large number of high precision tests — almost all passed with flying colours
yet some intriguing discrepancies:

SM anomalies Astrophysical evidence for Dark matter

anomalous muon magnetic moment
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Physics beyond Standard Model: neutrino portal

Dark matter firmly established — "SM anomalies” tantalizing

search for new physics incorporating new terms in Lagrangian

Dark Matter not seen in particle physics experiments

SM can not explain DM => Extending the SM to include DM v ) @
matter
¢ | .
—2 ﬂ BFVF'"P & vector por(a] A’ kinetic mixing with y, Z
C(E l" Standard Model

L 5 (F’é 4 ,\d)z)HtH . H]ggs po]’tﬂ_] Dark Higgs (mixes with SM Higgs) SU(3) % SU(2) x U(1)

ynLHN , neutrino portal

%Flw F"w y axion pUl'tﬂl. Axion, coupling to DM

Hidden Sector

[This talk focused on the " Neutrino portal"]

BABAR is exploring also LFV, dark photon and axion portals
(see talks by N. Tasneem , B. Echenard, and S. Ngan Nguyen) s
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Neutrino Oscillations

Ve Uel Ue2 Ue3 151
Neutrino oscillation firmly established: | ¥%u | = | Uur Up2 Uus | | v2
iz Uri Urz Urs v3

[neutrinos have mass)

PMNS matrix parametrization:
1 0 0 c13 0 syge~idcp cg spp 0
= 0 o3  Sa3 0 1 0 —s1p cp 0 | P
0 —so3 Co3 —sy3e¥cP 0 c13 0 0 1

Experiments at accelerators, reactors and underground facilities are providing
more and more precise determinations of

(PMNS matrix elements] and l Am3, and Am3, '

but a number of questions unanswered

@ Neutrino mass is small: what are the origins of this mass?
@ Why is neutrino mixing so different from quark mixing?
@ CP violation?

@ Nature of neutrinos?
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Dirac /Majorana neutrinos?

Three Generations
of Matter (Fermions) spin %
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Bosons (Forces) spin 1

Leptons

Appealing hypothesis: light Dirac neutrinos and heavy

<y
Majorana neutrinos of opposite chirality (see-saw) i@
5
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Heavy Neutral Leptons?

Heavy Neutral leptons are additional neutrino states which have (some) mass but
no weak hyper-charge, electric charge, weak isospin and color charge.

HNLs proposed by many BSM models to help explaining

[Neutrino Oscillations], [Baryon Asymmetry], l Dark Matterl

\
If neutrinos get their mass from Higgs, Yukawa couplings must be exceedingly
small

Not so in see saw models with 5-dim operator and additional Majorana neutrinos

PRD 23, 165 (1981) , https://doi.org/10.3389/fphy.2018.00040

J

Sterile neutrinos could also help explaining

l Reactor Anti-neutrino anomaly pro s3, 073006 (2011) I,
lGallium anomaly prc so, 015807 (2009) l

Accelerator anomalies: | LSND pro 64, 112007 (2001) |,

| MiniBooNE prL 110, 161801 (2013) |
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Predicted mass ranges for HNL

7

[DifFerent models may introduce HNL in a broad mass range:]

@ my ~ O(eV/c?) address the so-called " oscillation anomalies”
@ my ~ O(keV/c?) provide warm dark matter candidate.
@ my ~ O(GeV/c?) explain deviations in SM decays.

@ my ~= O(TeV/c?) explain Baryonic Asymmetry via low-scale scenarios of
leptogenesis without conflict with other cosmological observations.

e.g.: YMSM model piB 620, 17 (2005 introduces three right-handed singlet HNLs:
@ Two GeV/c?-scale particles to solve origin and smallness of SM neutrino
mass with see saw mechanism

@ a third HNL keV/c?-scale dark matter candidate, that also provides
leptogenesis (Majorana mass term)

[different methods/techniques needed to test such a variety of models]

HNL in the MeV/c?- GeV/c? scale can be searched for at existing accelerator
experiments.
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Extended PMNS Matrix and current limits on |Up4/|?
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limits on |Ue ,|*:

current (filled); projected (solid)

less stringent limits on |U.,-4|2 —
can be improved by studying 7 decays

DELPHI

Physics Beyond Colliders report:

_\_J Beacham et al 2020 J. Phys. G: Nucl. Part. Phys. 47 010501
W
.

[Ga
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) arXiv:2207.09575
Searching for HNLs at BABAR NEW

o(ete” — 7777) = 0.919 4 0.003 nb Line = 424 fb~!

N

T

.~ = 4.6 x 10° collected

Exploit the peculiar topology provided by the boost in Ecy to select 7 pairs
charged daughters from each 7 in one hemisphere

Method proposed in prp 91, 053006 (2015) ,
inspired by ALEPH, epJ1137c 2, 305 (1998)

The study of 7~ — 7~ 7~ 7ty decay
allows to access 100 < m4 < 1360 MeV/c?

| model independent: rely only on kinematics l
| 3h dynamics <= neutrino mass '

Select clean samples with (tag) and

T~ = a7 7w v)(3h) 6}
9
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arXiv:2207.09575

Outline of the method NEW

[77 — 7T77T77T+Z/X]

Mass of the missing neutrino (ms) determines the 2D distribution of

[hadronic energy Eh] Vs [invariant mass my ]

1 104 e -
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arXiv:2207.09575

Background and signal simulation —

Event sample has contribution from a number of sources
= MC simulations

-
Detector response modelled using GEANT4
event generator specific to each source

.

(non-T backgrounds]
@ efe” = T(4S) — BB
@ efe” = cc
e efe” = utu(v)
[SM 3-prong decay 7~ — T v, ' (m
[other SM 7 decays] accidentally reconstructed as 3h

all SM neutrinos are assumed to have m=0

[HNL 3-prong decay 77 — 7r+7r’7r’1/x] — large missing mass

parameters modified to attribute large mass to v

\.
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Signal MC samples

1D and 2D projections for signal HNL 3-prong decays 7~ — 71 n~ 7~ vx

[visible change in the expected 2D template as a function of m4]
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.
Fit model

NEW

Minimize likelihood for the observed # of events in each bin to extract |U.4|?

Mobs)ij ,—
B (Vane + Vr—sMm + ’/BKG)E]‘ bs) i o—(vNLAVBKG Y —SM)ij
£= ] frsinoms. ) =[]
ij

= , x [T #6x.60)
k

ij (nobs)ij-
as a sum of the expected number of events in each bin for

@ HNL 3-prong decays 7~ — ntr w7 wx:

~ reco 2

Vanv,ij = Myunw,ij = NT,gen : (|U74| ) * Punw,ij
@ SM 3-prong decays 7~ — T T vy

~ reco T 2

Vr_SM,ij = n‘q-_Sj\,,“‘j = ]\T:gen'(l_lUﬂll )'prfSl\J,'ij
@ other sources

e = reco o reco reco

VBKG,ij = "BK@G,ij = "r other,ij T "non-r,ij

pi,j accounts for acceptance xefficiency x Ph.Sp.

2. 5 .
Upper limits (Wick's theorem): ¢= —21n(M) = —2In(AL)
L, (|Ura|?: 6, data)
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arXiv:2207.09575

Event selection . NEW

Selection optimized for
[T+ — eﬂm] and [T+ — ;ﬁuﬂ] (tag)

and [7'_ — 7r_7r_7r+1/] (3h)

Cut Purpose

Number of tracks Ensure 1+3 prong topology

Total charge on all 4 charged tracks is 0 Charge conservation
PSS > 0.9% 5 Suppresses non-tau backgrounds

All tracks: pyrans = 250MeV/c To reach DIRC!
All tracks: —0.76 < cos(8) < 0.9 Acceptance of DIRC!
1 prong: Z_EP < 0.9% Consistent with tau decay
PID Requirements Uses Electron and Muon ID algorithms ?
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2D plots: examples (data and MC)
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Systematic uncertainties: normalization

arXiv:2207.09575

NEW

Uncertainty |Yield Change (&)
Luminosity 0.44%
olee = 71) 0.31%
Branching Fractions (1 prong) e: 0.22%
e 0.22%
Branching Fractions (3 prong) 3m: 0.57%
PID Efficiency e: 2%
n: 1%
m: 3%
Bhabha Contamination 0.2%
gq Contamination (data) 0.1%
Tracking Efficiency negligible
Detector Modeling negligible
Beam Energy negligible
Tau Mass negligible
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Systematic uncertainties: 2D shape templates

The 7 — 37 v decay is dominated by 7 — a; v
The shape of the 3h template depends on the a; mass and width parameters
— systematic based on uncertainties from PDG

Xiv:2207.09
NEW
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Limits on |U,4]? vs HNL mass

Mass [MeV/c? ]‘ No Sys. With Sys.

100 158 x 10~ 2[2.31 x 10~

200 1.33 x 1072]1.95 x 1072

300 6.91 x 1073]9.67 x 1073

400 1.57 x 107%|2.14 x 1072

500 4.65 x 107%|5.85 x 107*

600 5.06 x 1074622 x 1074

B — NoliAD @54 i 700 3.82 x 107"4.85 x 1071

105 AV ((950;0"_')) 800 3.12 % 1074[3.85 x 10~*

6 C.L. N :

E  DELPHI(85%OL) PRELIMINARY 900 470 107°|5.38 x 107

ArgoNeuT (90% C.L.) b B . 1000 8.34x 10771011 x 107

109 ___ BaBAR (85% GL) no sys. % B B/AR 1100 4.40 X 1077|478 x 1077

== BABAR (95% C.L.) with sys.  ° S = 1200 4.70 x 10’r 5.04 x 10’r

10k . b 1300 3.85 x 1077(4.09 x 107°

1077 100

my(GeVic?)

(submitted to PRD)
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Summary and outlook

HNLs offer ways of explaining several observational phenomena.

r

The possible masses of the HNLs is model dependent and can range from eV/c2
up to very heavy masses.

In the last few years several new results have been published including results
from collider-based experiments and neutrino experiments.

arXiv:2207.09575 NEW

A new technique has been adopted by BABAR to search for HNLs obtaining new
preliminary upper limits on |U; 4|* between 100 and 1300 MeV/c?

currently the most stringent between 300 and 1300 MeV/c?
(submitted to PRD)

BABAR result is competitive with expected limits from planned experiments in the
next decade

Improvements could be obtained by the same technique by Belle-1I
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The BABAR experiment

7 PEP-Il asymmetric ete™ collider operating
at center of mass energies near the 1°(45)
(for most of the time)

PEP-11
Rings ™

Positrons

Low Energy Ring
BABAR Detector

Vs = 10.58 GeV/c?

’{IEctruns

High Energy Ring General-purpose detector

1.5T solenoid EMC
DIRC (PID)
Asymmetric detector: 144 quartz bars 6580 CsI(TI) crystals
11000 PMs

—0.9 < cosf* < 0.85

wrt electron beam

excellent performance:

@ vertexing

@ tracking e (8-9 GeV)

e PID Instrumented Flux Return
iron / RPCs / LSTs (muon / neutral hadrons)

Silicon Vertex Tracker
5 layers, double sided strips

@ calorimeter
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Data samples
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